We examine the growing data set of binary millisecond pulsars that are thought to have a helium white dwarf companion. These systems are believed to form when a lowto intermediate-mass companion to a neutron star fills its Roche lobe between central hydrogen exhaustion and core helium ignition. We confirm that our own stellar models reproduce a well-defined period-companion mass relation irrespective of the details of the mass transfer process. With magnetic braking this relation extends to periods of less than 1 d for a 1 M ⊙ giant donor. With this and the measured binary mass functions we calculate the orbital inclination of each system for a given pulsar mass. We expect these inclinations to be randomly oriented in space. If the masses of the pulsars were typically 1.35 M ⊙ then there would appear to be a distinct dearth of highinclination systems. However if the pulsar masses are more typically 1.55 to 1.65 M ⊙ then the distribution of inclinations is indeed indistinguishable from random. If it were as much as 1.75 M ⊙ then there would appear to be an excess of high-inclination systems. Thus with the available data we can argue that the neutron star masses in binary millisecond pulsars recycled by mass transfer from a red giant typically lie around 1.6 M ⊙ and that there is no preferred inclination at which these systems are observed. Hence there is reason to believe that pulsar beams are either sufficiently broad or show no preferred direction relative to the pulsar's spin axis which is aligned with the binary orbit. This is contrary to some previous claims, based on a subset of the data available today, that there might be a tendency for the pulsar beams to be perpendicular to their spin.
INTRODUCTION
Millisecond pulsars (MSPs) are radio pulsars with pulse periods canonically defined to be less than 30 ms. About 90 per cent of MSPs are found in binary systems (BMSPs) . From their spin-down rates, these are estimated to have magnetic fields of between 10 7 and 10 9 G, significantly lower than the 10 12 − 10 13 G of ordinary radio pulsars (Lorimer 2008) . In the standard rejuvenation model of BMSPs (Alpar et al. 1982; Radhakrishnan & Srinivasan 1982 ) the field decays and the pulsar spins up as matter is accreted from a companion star during a previous phase of evolution as a low-or intermediate-mass X-ray binary (LMXB/IMXB). The discovery of several X-ray pulsars with millisecond periods in LMXBs and of IGR J18245-2452, an LMXB with a rotation period of 3.9 ms that alternates between a rotationpowered radio source and an accretion-powered X-ray source (Papitto et al. 2013 ) have provided strong evidence in support of a rejuvenation model. The precise nature of the evolution or decay of the magnetic field during accretion and the amount of mass accreted along the different binary pathways remains unresolved but must depend both on the origin of the field and the evolutionary history of BMSPs.
The lowest-mass neutron stars are expected to from by electron capture in the cores of the most massive asymptotic giant branch stars (Sugimoto & Nomoto 1980 ). An electron degenerate core collapses, as electrons are captured by 24 Mg and 20 Ne, at a mass of 1.375 M⊙ (Nomoto c RAS 1984) . The cores of more massive stars collapse only after burning to iron-group elements and exceeding the Chandrasekhar limit. Some of this baryonic mass, depending on the equation of state of neutron stars, is lost to gravitational binding energy. Schwab, Podsiadlowski & Rappaport (2010) propose that neutron stars formed by electron capture are typically born with gravitational masses of around 1.25 M⊙ while those formed by iron core collapse with masses around 1.35 M⊙. Rejuvenation and spin up to millisecond periods requires accretion of at least 0.1 M⊙ or so of material from the inner edge of a Keplerian accretion disc. Zhang et al. (2011) find measured masses of the neutron stars in millisecond pulsars now to be around 1.55 M⊙. Here we are able to test whether the data for all BMSPs with helium white dwarf companions are consistent with such masses.
In an early study of the fastest BMSPs based on 30 stars it was noted that some 30 per cent showed the presence of a strong interpulse separated by 180
• from the main pulse while this is the case for only a few per cent of the general sample of radio pulsars (Jayawardhana & Grindlay 1996) . This was interpreted as evidence for nearly orthogonal rotators, in which the magnetic dipole axis is perpendicular to the spin axis. Subsequently Chen, Ruderman & Zhu (1998) argued for a bimodal distribution of both nearly orthogonal and nearly aligned rotators among the galactic BMSPs. Ruderman & Chen (1999) presented theoretical arguments in favour of these findings based on a specific superfluid and superconducting model for the evolution of field in spinning accreting neutron stars. Subsequently Backer (1998) analysed the minimum masses of a sample of low-mass BMSPs assuming that the orbital inclinations were randomly oriented in space but with further specific assumptions on the neutron star and white dwarf masses and presented evidence apparently lending support to the orthogonal rotator model.
The stellar properties of any companion along with its orbit point to the evolutionary pathway by which the BMSP reached its current state. Hurley et al. (2010) made comprehensive binary population syntheses and described the numerous routes to MSPs and the expected relation between the final companion mass and the orbital period after mass transfer. Notably they included the possibility that the neutron star began accreting as a massive ONe white dwarf that collapsed to the pulsar after accreting sufficient mass (accretion induced collapse). Here we focus on what appears to be a rather common route in which an evolved low-to intermediate-mass star fills its Roche lobe before core helium ignition but after core hydrogen exhaustion. This sequence is apparent in the figures of Hurley et al. (2010) whether or not the neutron star is formed by accretion induced collapse.
In this paper we have undertaken a detailed statistical study of the significantly enhanced current sample of millisecond pulsars with helium white dwarf companions with their well determined mass functions derived from quantities given in the Australia Telescope National Facility (ATNF) pulsar catalogue. Our study is similar to that of Stairs et al. (2005) but the increase in data mean we can now make somewhat more significant conclusions.
Our analysis indicates that good overall agreement with the totality of observations of BMSPs with He white dwarf companions can be achieved if the masses of the neutron lie typically around 1.6 M⊙ which is higher than what is expected from typical electron-capture or core-collapse supernovae but is consistent with expectations of the re-cycling hypothesis. There is no significant difference in this consistency between low-and high-period systems as was suggested by Stairs et al. (2005) . Nor can we agree with the conclusion of Backer (1998) in support of orthogonal rotators.
DETAILED MODELS OF RLOF
We compute an extensive grid of models with the Cambridge STARS code. In all cases we fully compute the evolution of the low-mass donor star while the neutron star is treated as a point mass accretor. The donors begin their evolution as a zero-age main-sequence stars in thermal equilibrium. With a series of models we investigate the effect of different binary parameters on the Mc-P orb relation for the whole range of Case B RLOF. In the terminology of Case B refers to mass transfer that begins after the exhaustion of hydrogen fuel in a star's core but before ignition of helium. We refer to late Case B when mass transfer begins after the star is established on the giant branch, early Case B when it begins when the star is crossing the Hertzsprung gap and very early Case B when it begins at the tip of the main-sequence once the star has a helium core but before it begins its excursion to the red in the H-R diagram.
Cambridge STARS Code
We use a version of the Cambridge STARS code (Eggleton 1971; Pols et al. 1995) updated by Stancliffe & Eldridge (2009) . The code features a non-Lagrangian mesh. Convection is according to the mixing-length theory of Böhm-Vitense (1958) with αMLT = 2 and convective overshooting is included as described by Schröder, Pols & Eggleton (1997 (Iglesias & Rogers 1996) supplemented with molecular opacities of Alexander & Ferguson (1994) and Ferguson et al. (2005) at the lowest temperatures and by Buchler & Yueh (1976) at higher temperatures. Electron conduction is that of Hubbard & Lampe (1969) and Canuto (1970) . Nuclear reaction rates are those of Caughlan & Fowler (1988) and the NACRE collaboration (Angulo et al. 1999 ).
Period -white dwarf mass relation
For the donor stars the luminosity depends only on the helium core mass and the radius depends only on the luminosity and the total mass Paczyński (1971) so there is a relation between the orbital period P orb and the remnant mass Mc when the system detaches (Refsdal & Weigert 1971) . We do not expect the Mc-P orb relation to depend on how the system gets to this point so that details of how conservative is the mass transfer do not matter. Nor does the relation depend on the neutron star mass because for low enough mass ratios the Roche lobe radius is proportional to the ratio of the separation to the total mass of the system and by Kepler's third law the cube root of the square of the orbital period is proportional to this same ratio. Thus P orb is a function only of Mc. We demonstrate that this is the case in the following sections. Though the mass transfer to MSPs is likely to be nonconservative we first consider the canonical, perhaps extreme, fully conservative case in which all of the envelope of the donor star is transferred to and accreted by its companion and for which total angular momentum is conserved. We model initial donor masses of 0.875, 1 and 1.2 M⊙. We give the companion an initial mass of 1.55 M⊙. We demonstrate later that the relation is not affected by the non-conservative nature of the mass transfer. For each donor mass we evolve a set of 300 models with initial periods to cover the full range of Case B RLOF for each of the different donor masses. Magnetic braking, as discussed in more detail in the next section, is necessary to reach the lowest periods and core masses. Fig. 1 shows a subset of the 1 M⊙ donor models plotted with an empirical fit for the relation (section 2.5). In Fig. 2 we plot the P orb − Mc relation for a selection of models with each of the three initial donor masses. There is no perceptible difference. Lower-mass donor stars exhibit very similar behaviour to the 1 M⊙ donor once they evolve past the main sequence. However they are not expected to have evolved within the lifetime of the Galaxy. Higher mass donors, once established on the giant branch undergo unstable RLOF which probably leads to common-envelope evolution and perhaps merging of the stars. Thus in general we do not expect the donor star mass to lie outside the range 0.875 − 1.2 M⊙ very often and so we take the P orb − Mc relation derived from 1 M⊙ donors to be canonical. There are some discontinuities apparent for all donor masses around a remnant mass of 0.225 M⊙ caused by dredge up of the previously burnt stellar interior by the deepening convective envelope.
Short Periods and Magnetic Braking
The minimum white dwarf mass that can be left by a given donor depends on the Schönberg-Chandrasekhar mass (Schönberg & Chandrasekhar 1942 ) of its core. Beyond this the core cannot remain isothermal and still support the stellar envelope. After this the star evolves rapidly across the HG. If evolved fully conserving mass and angular momentum our 1 M⊙ donor leaves a minimum remnant mass of 0.22 M⊙.
A group of very short orbital period MSPs are thought to have evolved from LMXBs (Fabian et al. 1983) for which the mass transfer is driven by orbital angular momentum loss rather than stellar evolution. In these systems the, typically low initial mass (M d < 0.9 M⊙) donor star does not develop a degenerate core and final periods are a few hours.
With their shorter hydrogen-burning lifetime intermediate-mass donors, those around 1 M⊙ and more, can develop helium cores but are also expected to suffer magnetic braking if their orbital period is short enough. If such an evolved intermediate-mass star begins RLOF before this (very early Case B) its limiting core mass is reduced as it transfers mass and so consequently behaves as if it were a star with a somewhat lower initial total mass. There is a bifurcation period below which systems evolve as LMXBs to very low P orb and above which they evolve to larger P orb transferring mass as red giants or subgiants. We are interested in these latter systems which end up detached with P orb 1 d.
We include magnetic braking at the empirical rate of Verbunt & Zwaan (1981) ,
where R d is the radius of the donor star, I its moment of inertia, a the semi-major axis of the orbit, M the total mass of the binary system, Ma the mass of the accretor and M d is the mass of the donor. The factor f mb was chosen to fit the equatorial velocities of G and K type stars (Smith 1979 ). Fig. 3 shows detail of the low-period end of the P orb −Mc relation for systems evolved with and without magnetic braking. The form of the magnetic-braking law is such that the initial orbital periods for which it can produce lowerperiod systems with He white dwarfs is finely balanced between 2 and 2.2 d to produce final periods between 0.5 and 6 d. Fig. 4 shows a Hertzsprung-Russell diagram for three binary star models (B, C and D) that begin RLOF at different stages along with a track (A) for single star evolution. Model B begins RLOF only once established as a red giant, late Case B. Model C is crossing the Hertzsprung gap, begins RLOF as a subgiant, early case B, while model D begins mass transfer with an isothermal gas-pressure supported core, very early Case B. By the time the stars in models C and D detach they have established degenerate He cores and are ascending the red giant branch. The larger the initial period, the further up the giant branch the RLOF begins. Mass transfer strips the envelope to reveal the stars' cores which then cool to become white dwarfs.
Examples of evolution

Empirical fit
A good empirical fit to P orb − Mc relation for all the models with 1 M⊙ donors, including those with magnetic braking, is given by 
2.6 Measured pulsar masses Table 1 lists observed MSP -white dwarf binary systems that have measured pulsar masses and companion masses. These masses are generally higher than those found for isolated pulsars (Zhang et al. 2011 ). This may be due to either a range in initial neutron star mass or accretion during the mass transfer. Tauris & Savonije (1999) noticed a negative correlation between the orbital period and the mass of the pulsar. In Fig. 5 we plot the data for the systems in Table 1. Any correlation is actually rather weak. Though we list all the measured masses here we note that all of those with orbital periods of less than 1 d are excluded from our analysis because they may have undergone Case A mass transfer, while the star is still burning hydrogen in its core, rather than Case B mass transfer. Indeed B1957+20 is a black widow pulsar (Fruchter et al. 1988 ) with a low-mass main-sequence star, rather than a white dwarf. J1910-5959A is also excluded because it is a member of a globular cluster (Corongiu et al. 2012) . J2016+1948 is excluded because it has Pspin > 30 ms and J1614-2230 is excluded because it has a companion mass larger than 0.472 M⊙.
De Vito & Benvenuto (2010) looked at the effect of the neutron star mass on these systems and found that, for systems of given initial orbital period and initial donor star mass, the mass of the neutron star heavily affects the evo- lution. However they conclude that the Mc-P orb relation is insensitive to the initial neutron star mass, confirming the prediction made by Rappaport et al. (1995) . We tested the effect of the neutron star mass on the evolution of our binary systems by computing models that initially had a 1 M⊙ donor star and neutron star masses of 1.35, 1.55 and 1.75 M⊙. We made 100 models for each case with initial orbital periods spanning the entire Mc-P orb relation. Fig. 6 shows the Mc-P orb relations for a subset of these models with initial periods between 2 to 2.4 d. The Mc-P orb relation itself is not affected by the neutron star mass but, for a given initial orbital period, the higher the neutron star mass, the more massive the predicted white dwarf remnant. The higher mass of neutron star lies further up the relation but not off it. However the neutron star mass does matter when we compute orbital inclinations (equation 11). For now we conclude that masses of MSPs in systems that could have helium white dwarf companions lie between about 1.35 and 1.75 M⊙ and cluster around 1.55 M⊙.
RLOF Efficiency
Relaxing conservative evolution further, we allow mass to be lost from either star during mass transfer. The total angular momentum J is the sum of the orbital angular momentum and the rotational (or spin) angular momentum of each star. The latter is typically only 1−2 per cent of the orbital angular momentum and so can usually be ignored though we do include it in our detailed stellar models. Tauris & Savonije (1999) argued that the accretion process is inefficient, with only a small portion of transferred matter accreted by the neutron star. The rest is ejected. Burderi et al. (2005) confirmed that the accretion process in these systems is nonconservative. Only 0.1 M⊙ of material from the inner edge of the disc is needed to spin up the neutron star to periods below one millisecond. De Vito & Benvenuto (2012) computed the evolution of a set of models with initial donor star between 0.5 and 3.5 M⊙, initial orbital periods between 0.175 and 12 d and initial neutron stars masses between 0.8 and 1.4 M⊙, with varying degrees of mass transfer efficiency. Following their approach we define efficiency parameters α, the fraction of mass lost by the donor that is transferred to the accretor and β, the amount of matter actually captured by the accretor. A fraction 1 − α of the mass lost by the donor then carries off the specific angular momentum of the donor while a fraction α(1−β) of the mass lost by the donor carries off the specific angular momentum of the accretor. SoṀ
ThenceJ
where
is the orbital angular momentum for semi-major axis a and orbital angular velocity ω = 2π/P orb . This simplifies tȯ
where the mass ratio q = M d /Ma. We evolved sets of 100 models for combinations of α and β, with initial orbital periods in the range 2 to 3 d. Fig. 7 illustrates the effects on the Mc-P orb relation. As expected the relation between Mc and P orb is not much affected by the non-conservative nature of the RLOF but, for a given initial orbital period, increasing α or decreasing β leaves a more massive core and consequently a longer final period because, even though the escaping material carries away angular momentum, the total system mass falls.
Comparison of Detailed Models and Data
The systems with measured neutron star masses listed in Table 1 also have measured companion masses. We again ignore systems with P orb < 1 d. Note that J1614-2230 is also excluded because to fit the data and the P orb − Mc relation would require too small a neutron star mass (see Section 4). This is encouraging because it is indeed found to have a companion of 0.5 M⊙, too massive for a He white dwarf. We plot the remaining data in Fig. 8 and find that the fit with our canonical relation is good given the measurement errors. Note that J2016+1948 is also formally excluded because its spin period exceeds 30 ms but we plot it here because it lies on the canonical P orb − Mc relation. This suggests that it has passed through a similar evolution but has just not been spun up so much.
Donor Star Metallicity
We are concentrating on BMSPs in the Galactic field and so do not expect the metallicity to vary much from solar. However we investigated how the metallicity of the donor star affects our Mc − P orb relation by evolving two further sets of models with Z = 0.01, half solar, and Z = 0.03, one and a half solar. As metallicity falls opacity drops and stars are smaller for the same luminosity and hence core mass so the final orbital period for a given white dwarf mass is smaller. The results are shown in Fig. 9 . The change in the relation with metallicity is larger than for any of the other effects we have tested but all three models remain in good agreement with the observed systems.
Comparison with Previous Work
The relation between the mass of the white dwarf remnant and the orbital period after mass transfer (Mc-P orb ) has been computed a number of times in the past. Rappaport et al. (1995) used 11 stellar models with various masses between 0.8 and 2 M⊙, computed by Han, Podsiadlowski & Eggleton (1994) with Eggleton's STARS code (Eggleton 1971 ) to obtain the relation between the radius of a star on the red giant branch and its core mass in the range 0.15 to 1.15 M⊙. They then used this to derive a Mc-P orb relation. Tauris The effect of changing metallicity over the range that might be expected in the Galactic field is still rather small but larger than any effect owing to the nature of the mass transfer.
conducted a detailed study of the thermal response of the donor star to mass loss in order to examine the evolution of the mass transfer (non-conservative in this case) and to monitor its stability. They used Eggleton's STARS code to compute 121 models of the evolution of different binary systems, with a low-mass donor and a neutron star companion, through stable mass transfer. Their donor masses between 1 and 2 M⊙, a neutron star of 1.3 M⊙ and initial orbital periods between 2 and 800 d. Kippenhahn, Weigert & Hofmeister (1967) to make 100 binary star models, in which half of the mass lost by the donor was accreted by the companion. Their models showed an enormous variety of evolutionary channels which they suggest may be the reason behind the diversity in the observed population of these systems. De Vito & Benvenuto (2010) made many detailed evolutionary models with a wide range of donor (0.5 to 3.5 M⊙) and accretor (0.8 to 1.4 M⊙) masses and orbital periods at the onset of Roche lobe overflow from 0.5 to 12 d with a code described by Benvenuto & De Vito (2003) . Their models show signs of departure from the Rappaport Mc-P orb relation at core masses below 0.25 M⊙ but are in better agreement with the Mc-P orb relation found by Tauris & Savonije (1999 Podsiadlowski et al. (2002) , with the Cambridge STARS code, with donor masses of 1 to 6 M⊙ and accretor masses of 1.0 to 1.8 M⊙. They modelled the Mc-P orb relation for donors from 1 to 5 M⊙, compared their relations to observed possible MSP-helium white binaries and explored magnetic braking in these systems. The fits of Tauris & Savonije (1999) have been most extensively used in the past so we compare our models with theirs in Fig. 10 . Their fits are of the form 
for population I stars and population II stars. Our models compare well with their population I stars. Despite the fact that lower metallicities are a better fit to two of the measured companion masses we use solar metallicity because we exclude BMSPs in globular clusters. The remaining systems fit better or equally well at solar metallicity.
SELECTION OF BMSPS
The ATNF catalogue ( Galactic field and have measured binary mass functions. It is important to exclude all BMSPs that have not been recycled by accretion from a red giant with a helium core but otherwise we wish to test the hypothesis that all remaining systems did indeed form by this route. We exclude any BMSPs in globular clusters because their formation can be more convoluted (Lorimer 2008 ). B1257+12 can be excluded directly because the orbit is for its planet of mass only 0.02 M⊕ (Konacki & Wolszczan 2003) and J1502-6752 is excluded because it has an ultra-light companion (Manchester et al. 2005) . Nor did we include B1620-26 because it is identified as being a multiple system in the ATNF pulsar catalogue so the other components in the system could have altered its evolution and J1903+0327 because it has a mainsequence star companion and is in a multiple system. Stars below 2.3 M⊙ suffer a helium flash when their degenerate core reaches 0.472 M⊙. This is the maximum mass that can be reached by a helium white dwarf companion and corresponds to a final orbital period of 940 d. Stars shrink during core helium burning and by the time they have grown sufficiently to fill their Roche lobes again their cores are generally above 0.5 M⊙. There is therefore a distinction between MSPs recycled by red giants with helium cores (P orb < 940 d) and those recycled by asymptotic giants (P orb > 940 d). This distinction is apparent in the figures of Hurley et al. (2010) . We therefore impose an upper period limit of 940 d. At low orbital periods we must exclude systems in which mass transfer began while the donor star was still on the main sequence (Case A). The observed orbital period distribution for BMSPs appears to have a gap between 0.73 d and 1.19 d (Fig. 11 ). Above this we can easily form systems with helium white dwarf companions when magnetic braking is included in our models. Below it there is likely to be contamination by systems that have undergone Case A mass transfer and still have a hydrogen-rich companion. We assume that the gap represents a good discriminator between the two populations and so exclude all systems with P orb < 1 d. All the remaining systems are listed in Table A1 which can be found in the appendix. In practice we might expect most of the MSPs to have formed from relatively low-mass progenitors in electron-capture supernovae. In such stars degenerate cores collapse at 1.375 M⊙ (Nomoto 1984) . They may lose about 0.1 M⊙ of their gravitational mass depending on the the equation of state of the neutron star but then probably need to accrete a further 0.1 M⊙ to be spun up to millisecond periods. The measured masses listed in Table 1 suggest that the MSPs usually accrete more than this. Nevertheless, in the next section we describe how we further exclude systems that cannot fit the model with a neutron star less massive than 1.2 M⊙ and we use this rather conservative minimum to avoid excluding systems with the lowest measured masses of pulsars (Zhang et al. 2011) . Only three systems need have a pulsar mass 1.2 < Ma/M⊙ < 1.35.
ORBITAL INCLINATIONS
In the recycling model the MSP has been spun up by accretion through a disc of material transferred from a binary companion tidally locked to the binary orbit. The spin of the pulsar should then be aligned with the orbit. We expect orbital inclinations i to the line of sight to be uniformly distributed over a sphere so that the distribution of cos i should be flat. Backer (1998) explored the spin periods, ages and magnetic fields of Galactic helium white dwarf MSPs. Modelling fixed masses for both the neutron star and the white dwarf, he concluded that observed inclinations are not randomly distributed but rather tend to be high. To explain this he suggested that pulsar beams preferentially lie parallel to the orbital plane and so perpendicular to the pulsar spin axis. The following year Thorsett & Chakrabarty (1999) used the Mc−P orb relation derived by Rappaport et al. (1995) to conclude that the observed inclinations of binary MSPs are consistent with a random distribution. Stairs et al. (2005) similarly investigated a larger data set with the Mc − P orb relations of both Tauris & Savonije (1999) and Rappaport et al. (1995) . They concluded that the existing forms of the Mc − P orb relations overestimate the white dwarf masses at large periods and are also in conflict for the shorter period system. With a Kolmogorov-Smirnov (KS) test on the cumulative distribution of orbital inclinations they found that the Mc-P orb relation of Tauris & Savonije (1999) is incompatible at the 99.5% level when they drew the pulsar masses from a Gaussian centred on 1.35 M⊙ with width 0.04 M⊙ (mirroring the neutron star mass distribution found by Thorsett & Chakrabarty 1999) . Repeating the same investigation for neutron stars picked from a Gaussian centred on 1.75 M⊙ with width 0.04 M⊙ they reached agreement at the 50% level. Our analysis here is equivalent to that of Stairs et al. (2005) applied to a larger data set.
If the standard recycling model is correct we expect the systems to be oriented randomly in space so that the probability P (i) di of finding an inclination i between i and i + di should be such that P (i) ∝ sin i. We are interested exclusively in the systems that have periods within range of the Mc-P orb relations consistent with Case B RLOF. In the ATNF catalogue the minimum possible mass Mm, given the observed mass function and a pulsar mass of 1.35 M⊙ is listed. This can be transformed back to the binary mass function f by
where Ma is the actual mass of the pulsar. We list the mass functions f in Table A1 , along with the companion masses M d obtained from P orb with our canonical relation by a spline interpolation. For the combination of f and M d there is a maximum mass Ma max of pulsar that can be accommodated in the system. We list in Table A1 too. When Ma max < 1.2M⊙ we exclude the system from the analysis. Such cases are marked with bullets. Note that all systems found to have an ATNF minimum companion mass M d > 0.5M⊙, too large to be a He white dwarf and marked with stars in Table A1 , are automatically excluded by this cut. Inclinations are then given by
and we expect cos i to be uniformly distributed between 0 and 1 if the inclinations are consistent with being picked from a uniform distribution. For each neutron star mass Ma ∈ {1.35, 1.55, 1.75}M⊙ we calculate the inclinations for all remaining systems in Table A1 . When the maximum permitted pulsar mass is less than the chosen Ma we assign i = 90
• and thereby use Ma = Ma max for such systems. Figs 12, 13 and 14 are histograms of the numbers of BMSPs over cos i split into two orbital period ranges for the three different choices of neutron star mass. There or 28 systems with P orb < 12 d and 29 systems with longer periods. The distributions are reasonably uniform but show a distinct dearth of high inclination systems for Ma = 1.35 M⊙. This is less extreme as Ma is raised to 1.55 M⊙ and becomes an excess when Ma = 1.75 M⊙. To examine the significance of these trends we use Kolmogorov-Smirnov tests on the cumulative distributions of cos i. 
Kolmogorov-Smirnoff tests
A KS test compares an observed cumulative distribution with a model. In this case we compare the observed distribution of cos i with a uniform distribution. The KS statistic D is the maximum difference between the observed cumulative distribution and the uniform cumulative distribution for any cos i and with this is associated the probability that D of this size or larger would be found for a sample of observations chosen at random from the uniform distribution (Press et al. 1992 ). Fig. 15 shows the cumulative distributions of cos i for the three pulsar masses compared with the uniform distribution. Recall that all the systems for which Ma > Ma max have been assigned cos i = 0 and this raises the cos i = 0 end of each distribution in a perhaps biased manner. The results for Ma = 1.35 M⊙ are however unaffected because the largest difference D is at larger cos i. For the other two cases we take D to be the largest difference beyond the first data point that has cos i > 0. This eliminates the bias by treating the highest inclination systems as if they were as uniformly distributed as possible. Tables 2, 3 and 4 list the D and its significance for the three cases for all systems combined and split into orbital period ranges. We discard the system in the middle with P orb = 12.33 d so that the two ranges have precisely the same number of systems and it is meaningful to compare the KS probabilities. For Ma = 1.35 M⊙ there is a significant lack of high inclination systems and for Ma = 1.75 M⊙ there is a significant excess and both of these can be ruled out given their very low KS probabilities. For Ma = 1.55 M⊙ a distribution as different as observed would be found 35 times in 100 random samples so that the inclinations are consistent with a uniform distribution of orientations in space. Equivalent analysis for Ma = 1.45 M⊙ gives a KS probability of 0.040 while for Ma = 1.65 M⊙ it is 0.173. Neither of these are small enough to really rule out such neutron star masses but we conclude that anything in the range around 1.55 Ma/M⊙ 1.65 is quite acceptable. The KS test is weak for small data sets but this conclusion remains apparent for the low and high systems taken independently. When Ma = 1.55 M⊙ the high probabilities of around one and two thirds mean there is no reason to suggest that the distribution or orbital inclinations changes with period in this case. However when Ma = 1.75 M⊙ the fit for the low-period group is somewhat better than for the high-period group. This is consistent with what Stairs et al. (2005) found. However the numbers are still too small for this to be a significant conclusion, while the full distribution, likely to occur at random only once in about 2,000 samples, does significantly rule out such a large neutron star mass.
For comparison we apply the same analysis to the sample of MSPs used by Backer (1998) and with Ma = 1.4 M⊙, as he assumed. Fig. 16 shows the cumulative distributions of cos i modelled with our canonical P orb − Mc and a neutron star mass of 1.4 M⊙, as chosen by Backer (1998) . We exclude systems according to the same criteria we have used for the full sample and assign inclinations of i = 90
• to systems with Ma max < 1.4 M⊙. The KS probability of obtaining D = 0.334 or larger is 3.44 × 10 −2 so that the data used by Backer (1998) actually show dearth of high inclinations just as we find with Ma = 1.35 M⊙. Backer (1998) based his conclusion on a comparison between the distribution of minimum masses and a uniform distribution of sin i. However it is the ratio of that minimum mass to the actual mass of the companion that is sin i. In Fig. 17 we show the distribution of this ratio when we assume that the actual companion mass is known from P orb . This distribution then shows a dearth of systems at large sin i quite contrary to his original claim. The conclusion that pulsar beams tend to be perpendicular to their spin axis is therefore no longer tenable. 
CONCLUSION
We have demonstrated that the relation between orbital period and companion white dwarf mass of recycled MSPs that have evolved via Case B RLOF is largely independent of initial donor mass, neutron star mass and how conservative is the mass transfer. It does however depend on the metallicity of the donor star because this changes the radius to core mass relation for red giants. For a companion of 1 M⊙, about the smallest that can be expected to evolve within the Galactic field, the lowest orbital period BMSPs formed without additional angular momentum loss have P orb ≈ 6.2 d. However with magnetic braking, or some alternative angular momentum loss mechanism, the relation can be extended down to P orb < 1 d. We selected all Galactic BMSPs, with Pspin < 30 ms, that could have been recycled by accretion from a red giant with a helium core that is now a He white dwarf companion from those listed in the ATNF catalogue. With our P orb −Mc relation we calculated the orbital inclinations of these systems, assuming a set of pulsar masses. We find that when the pulsar mass is taken to be as large as possible up to a maximum of 1.55 M⊙ the distribution of inclinations is consistent with random orientation of the orbits in space. If the maximum pulsar mass is reduced to 1.35 M⊙ there appears a dearth of high inclination systems and if it is raised to 1.75 M⊙ there appears an excess. Hence we deduce that all systems selected, and listed in Table A1 without bullets, are consistent with having pulsars of mass around 1.6 M⊙, having been recycled by accretion from a red giant with a helium core and having no observational bias towards particular orbital orientation. Given that selection of particular orbital inclinations would be encouraged if MSP magnetic axes and hence their beams were preferentially aligned with or orthogonal to their spin axes, our result is consistent with random orientation of magnetic axes too. Numbers of systems remain too small to make conclusions about systems in different orbital period ranges.
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